Introduction
============

The primary platelet-specific receptors glycoprotein (GP)VI, which binds collagen and fibrin, and GPIba, which binds von Willebrand factor, initiate platelet aggregation (thrombus formation) by recognition of exposed von Willebrand factor/collagen in the damaged blood vessel wall.^[@b1-1031568],[@b2-1031568]^ Engagement of platelet receptors initiates intra-platelet signaling pathways, which shift platelet integrin αIIbβ3 from a low- to a high-affinity state (inside-out signaling) and enable platelet aggregation and thrombus formation through binding of soluble fibrinogen and other αIIbβ3 ligands.^[@b3-1031568]^ Ligand binding to αIIbβ3 also triggers αIIbβ3 outside-in signaling,^[@b4-1031568]^ leading to tyrosine phosphorylation of signaling proteins,^[@b5-1031568]--[@b7-1031568]^ including c-Src, spleen tyrosine kinase (Syk) and phospholipase Cγ2 (PLCγ2), and initiates downstream platelet responses, such as granule secretion, platelet spreading and clot retraction.^[@b8-1031568],[@b9-1031568]^

Platelets also have roles in the inflammatory response and in inflammatory pathology associated with atherosclerosis, malarial or dengue infection and rheumatoid arthritis.^[@b10-1031568]--[@b13-1031568]^ Inflammasomes are multiprotein complexes that mediate responses to various inflammatory stimuli by controlling secretion of the pro-inflammatory cytokine, interleukin 1β (IL-1β).^[@b14-1031568]^ Upon stimulation, NLRP3 undergoes oligomerization, leading to conversion of pro-caspase-1 to active caspase-1, which then cleaves pro-IL-1β to mature IL-1β.^[@b14-1031568]^ For example, in dengue virus infection, platelet NLPR3 is activated, triggering IL-1β secretion.^[@b13-1031568]^ NLPR3 also contributes to platelet activation, aggregation and thrombus formation *in vitro*, as shown by caspase activity measurements and pharmacological inhibition or genetic ablation of the NLPR3-associated adaptor protein, Bruton tyrosine kinase (BTK).^[@b15-1031568]^ In this study using NLRP3-deficient platelets, we demonstrated a specific contribution of NLRP3 to αIIbβ3 outside-in signaling, and hemostasis and arterial thrombosis *in vivo*.

Methods
=======

Animals
-------

*NLRP3^−/−^* C57BL/6 mice^[@b16-1031568]^ were purchased from Jackson Laboratories. All experimental procedures were approved by the Ethics Committee of Xuzhou Medical University.

Platelet preparation
--------------------

Procedures involving collection of mouse and human blood were approved by the Medical Ethics Committee of Xuzhou Medical University. For mouse platelet studies, blood was collected from the retro-orbital plexus using ACD (85 mM trisodium citrate, 83 mM dextrose, and 21 mM citric acid) as anticoagulant and diluted in modified Tyrode buffer (12 mM NaHCO~3~, 138 mM NaCl, 5.5 mM glucose, 2.9 mM KCl, 2 mM MgCl~2~, 0.42 mM NaH~2~PO~4~, 10 mM HEPES, pH 7.4). Platelets were then pelleted by centrifugation at 180 g in the presence of PGE1 (0.1 μg/mL) and apyrase (1 U/mL) (Sigma-Aldrich), washed twice with CGS buffer (120 mM sodium chloride, 12.9 mM trisodium citrate, 30 mM D-glucose, pH 6.5) and re-suspended in modified Tyrode buffer. Isolated platelets were allowed to rest for 1 h at room temperature before use. For human platelet studies, venous human blood was collected and then the platelets were isolated as described previously.^[@b18-1031568]^

Platelet analyses *in vitro*
----------------------------

Platelet receptor expression, activation, aggregation and immunoblotting were studied as previously described.^[@b17-1031568],[@b18-1031568]^ Antibodies against c-Src (anti-Tyr-416, Cell Signaling Technology; pan-c Src, Proteintech), Syk (anti-Tyr-525 and pan-Syk, Bioworld Technology) and PLCγ2 (anti-Tyr-1217 and pan-PLCγ2; Bioworld Technology), IL-1β (Cell Signaling Technology) and Caspase-1 (BioVision) were used.

Detailed methods of the electron microscopy of platelet spreading, and clot retraction are provided in the *Online Supplement*.

Quantitative real-time polymerase chain reaction
------------------------------------------------

The mRNA expression of GPIba, GPVI and IL-1β was measured by quantitative real-time polymerase chain reaction (PCR) as described previously.^[@b19-1031568],[@b20-1031568]^ In brief, RNA was reversely transcribed into cDNA using oligo(dT) and M-MLV Reverse Transcriptase (Thermo Fisher Scientific) and PCR amplification was performed in triplicate on a LightCycler^®^ R480 II (Roche Life Science) with a total volume of 20 μL, consisting of 10 μL SYBR Green qPCR Super Mix, 0.5 μL forward primer (10 μM), 0.5 μL reverse primer (10 μM), 5 μL cDNA and 4 μL sterile water. The primers for GPIba, GPVI and IL-1β were designed as follows: GPIba forward primer: 5′-AGTTCATACTACCCACTGGAGCC-3′, reverse primer: 5′-GTGGGTTTATGAGTTGGAGGC-3′; GPVI forward primer: 5′-AGGAGACCTTCCATCTTACCCA-3′, reverse primer: 5′-GAGCAAAACCAAATGGAGGG-3′; IL-1β forward primer: 5′-CCTGAACTCAACTGTGAAATGC-3′, reverse primer: 5′-GAT-GTGCTGCTGCGAGATT-3′. The relative mRNA expression of GPIba, GPVI and IL-1β was calculated using the 2^−DD^Ct method and normalized to an internal control (β-actin).

Detailed methods on RNA extraction are provided in the *Online Supplement*.

Tail bleeding time
------------------

Tail bleeding assays were performed as previously described.^[@b18-1031568]^ In brief, a 10-mm segment of tail tip was cut off and the tail was then immersed in pre-warmed sterile saline solution (37°C). Tail bleeding time was calculated as the time taken for bleeding to stop.

FeCl~3~-induced thrombosis *in vivo*
------------------------------------

Platelets isolated from wild-type and *NLRP3*^−/−^ mice were labeled with calcein and infused into wild-type mice via tail vein injection. Injury to mesenteric arterioles was induced by 0.62 M FeCl~3~ and thrombus formation was monitored by fluorescence microscopy (Olympus BX53).

Statistical analysis
--------------------

Data are represented as mean ± standard deviation (SD) or standard error (SE) where indicated and analyzed by the Student *t*-test, one-way or two-way ANOVA.

Results
=======

NLRP3 deficiency in platelets impairs *in vivo* hemostasis and thrombosis
-------------------------------------------------------------------------

To evaluate whether NLRP3 deficiency affects platelet production or clearance, we measured platelet count, mean platelet volume, platelet distribution width and plateletcrit and found similar values in wild-type and *NLRP3^−/−^* mice (*P*\>0.05) ([Figure 1A](#f1-1031568){ref-type="fig"}). Platelet receptors GPIba, GPVI and integrin αIIbβ3 are critical for platelet function.^[@b21-1031568],[@b22-1031568]^ Evaluation of these receptors by flow cytometry and reverse transcriptase PCR revealed equivalent mRNA and protein levels in wild-type and *NLRP3*^−/−^ mice (*P*\>0.05) ([Figure 1B](#f1-1031568){ref-type="fig"}). Electron microscopy analysis indicated that NLRP3 deficiency did not affect platelet ultrastructural organization, or the number and size of a- and dense granules ([Figure 1C](#f1-1031568){ref-type="fig"}). Together, these data suggest that NLRP3 does not affect platelet production, expression of platelet receptors or granules.

![Platelet parameters, adhesion receptor expression, ultrastructure analysis, tail bleeding and arterial occlusion time in wild-type or *NLRP3*^−/−^ mice. (A) Platelet count, mean platelet volume (MPV), platelet distribution width (PDW) and plateletcrit (PCT) determined by an automatic blood analyzer (mean ± SE). (B) Platelet αIIbβ3 surface expression was determined by flow cytometry using FITC-conjugated anti-mouse aIIβ monoclonal antibody; meanwhile total RNA was isolated from washed platelets in order to assess the expression of GPIba and GPVI by quantitative real-time PCR. Data are represented as a ratio relative to an internal control (β-actin) (mean ± SE, n = 5-7) (Student *t*-test). (C) Analysis of platelet ultrastructure (a-granules and dense granules) by electron microscopy. Scale bar: 2 μm for upper panel (x 15,000 magnification) and 1 μm for lower panel (x 30,000 magnification). Black arrow: a-granule; white arrow: dense granule. The numbers of a-granules and dense granules were counted in 60 wild-type (WT) and 60 NLRP3 knockout platelets (mean ± SE) (Student *t*-test). (D)-i Tail bleeding time analysis of WT and thrombocytopenic (TP) mice after injection of anti-aIIb antibody, followed by infusion of donor platelets (1 × 10^8^) from WT mice at 9 h after antibody administration (mean ± SD, n= 6-7) (Student *t*-test). (D)-ii To investigate hemostasis *in vivo*, washed platelets (1 × 10^8^) were isolated from WT or *NLRP3*^−/−^ mice and then infused into mice made thrombocytopenic by intraperitoneal injection of 0.1 mg/kg (body weight) rat anti-mouse aIIb antibody (MWReg 30) for 9 h, followed by analysis of tail bleeding time (mean ± SD, n = 5-6) (Student *t*-test). (E) For analysis of thrombosis *in vivo*, FeCl~3~-induced arterial thrombus formation was initiated after washed platelets from WT or *NLRP3*^−/−^ mice had been infused into WT mice and the time to vessel occlusion was recorded (mean ± SD, n = 9) (Student *t*-test) (i). Representative image of thrombus formation (ii) and the relative fluorescence (mean ± SD, n = 5) (one-way ANOVA) (iii) at different time points are shown. Movies showing real-time platelet adhesion and thrombus formation in FeCl~3~-induced injured mesenteric arterioles were provided in the supporting information. \**P*\<0.05;\*\**P*\<0.01; \*\*\**P*\<0.001; \*\*\*\**P*\<0.0001. ns: not significant.](1031568.fig1){#f1-1031568}

In order to investigate whether NLRP3 influences platelet function *in vivo*, we performed tail bleeding assays and monitored FeCl~3~-induced mesenteric arteriole thrombus formation. As *NLRP3*^−/−^ mice demonstrated decreased tail bleeding times (mean ± SD) of 33.33 ± 14.43 s (n = 6), and reduced prothrombin times of 8.54 ± 0.30 s (n = 8) compared with the wild-type control values of 63.43 ± 26.94 s (n = 7) and 9.07 ± 0.37 s (n = 10), respectively, as well as elevated levels of coagulation factors VIII and IX (*data not shown*), platelets from wild-type or *NLRP3*^−/−^ mice were injected into thrombocytopenic or wild-type mice to eliminate non-platelet hemostatic or thrombotic factor variations. The platelet numbers in mice receiving infusion of wild-type or *NLRP3*^−/−^ platelets either before, after injection of anti-aIIb antibody or after infusion were comparable (*Online Supplementary Figure S1*). In addition, injection of anti-aIIb antibody did not affect the function of donor platelets as the tail bleeding time of thrombocytopenic mice receiving donor platelets (9 h after antibody) was similar to that of wild-type mice ([Figure 1D-i](#f1-1031568){ref-type="fig"}). A significantly prolonged tail bleeding time (*P*\<0.001) ([Figure 1D-ii](#f1-1031568){ref-type="fig"}), delayed arterial thrombus formation ([Figure 1E-i](#f1-1031568){ref-type="fig"}) as well as reduced platelet accumulation (relative fluorescence at the site of vascular injury) (*P*\<0.0001) ([Figure 1E-ii and iii](#f1-1031568){ref-type="fig"}) were detected in mice with *NLRP3*^−/−^ platelets, suggesting that platelet NLRP3 deficiency significantly impairs hemostasis and arterial thrombus formation *in vivo*.

*NLRP3*^−/−^ platelets display mildly reduced platelet aggregation and normal degranulation and αIIbβ3 activation
-----------------------------------------------------------------------------------------------------------------

As platelet aggregation plays an important role in platelet function, we further investigated the effect of NLRP3 on platelet aggregation and activation. As shown in [Figure 2A](#f2-1031568){ref-type="fig"}, platelet aggregation in response to a low dose of collagen (0.5 μg/mL), thrombin (0.05 U/mL) and ADP (10 μM) was significantly reduced in *NLRP3*^−/−^ platelets compared with that of wide-type platelets (*P*\<0.05), which was consistent with the findings of a previous study showing that NLRP3 deficiency affects platelet aggregation and activation.^[@b15-1031568]^ However, no differences of platelet aggregation were found in response to a relatively high dose of collagen (1 μg/mL), thrombin (0.1 U/mL), ADP (20 μM) as well as collagen-related peptide (CRP: 0.5 and 1 μg/mL) ([Figure 2A](#f2-1031568){ref-type="fig"}). As platelet granule secretion induced by agonist stimulation plays critical roles in the amplification of platelet signaling and subsequent activation and aggregation, we also measured platelet degranulation, represented by P-selectin expression and αIIbβ3 activation by flow cytometry. Interestingly, P-selectin upregulation ([Figure 2B](#f2-1031568){ref-type="fig"}) and αIIbβ3 activation ([Figure 2C](#f2-1031568){ref-type="fig"}) were normal in *NLRP3*^−/−^ platelets after stimulation by collagen, CRP, thrombin or ADP. This is in contrast to the findings of Murthy and colleagues^[@b15-1031568]^ and could be related to subtle differences in platelet preparations and experimental conditions. A direct link between NLRP3 and a granule release has not been described, and differences in rate and extent of P-selectin exposure are consistent with studies that have demonstrated agonist-related differential kinetics of platelet degranulation and secretion.^[@b23-1031568]--[@b25-1031568]^

![Platelet aggregation and activation. (A) Platelet aggregation was induced by addition of collagen, CRP, thrombin or ADP to platelets from wild-type (WT) or *NLRP3*^−/−^ mice. Representative aggregation traces using platelets from WT (green) or *NLRP3*^−/−^ (red) mice are shown together with combined data (mean ± SE) for three mice (Student *t*-test). (B) Platelet P-selectin expression and (C) activated αIIbβ3 (JON/A binding) were assessed in platelets before and after treatment with the indicated concentrations of collagen, CRP, ADP or thrombin for 10 min by flow cytometry using phycoerythrin-conjugated anti-P-selectin antibody (Ebioscience) or JON/A antibody (emfret ANALYTICS) (mean ± SE, n = 3-6). \**P*\<0.05.](1031568.fig2){#f2-1031568}

NLRP3 deficiency in platelets affects integrin αIIbβ3 outside-in signaling
--------------------------------------------------------------------------

Platelet spreading and clot retraction, two processes regulated by earlyand late-αIIbβ3 outside-in signaling, respectively,^[@b26-1031568]^ were evaluated. Spreading of NLRP3-deficient platelets ([Figure 3A](#f3-1031568){ref-type="fig"}) but not platelet adhesion ([Figure 3B](#f3-1031568){ref-type="fig"}) was significantly inhibited on immobilized fibrinogen, together with reduced phosphorylation of c-Src and PLCγ2 ([Figure 3C](#f3-1031568){ref-type="fig"}), which mediate platelet spreading.^[@b5-1031568],[@b7-1031568]^ Addition of thrombin (2 U/mL) did not reverse the defective spreading of *NLRP3*^−/−^ platelets ([Figure 3A](#f3-1031568){ref-type="fig"}), indicating that defective spreading did not result from insufficient activation. Interestingly, impaired platelet spreading was also observed in apyrase (1 U/mL)-treated platelets from wild-type mice, similar to the defective spreading of *NLRP3*^−/−^ platelets. Defective spreading of *NLRP3*^−/−^platelets was rescued by the addition of ADP (*Online Supplementary Figure S2*), suggesting that ADP secretion might be impaired in *NLRP3*^−/−^ platelets. NLRP3 regulates inflammation through processing pro-IL-1β to IL-1β,^[@b27-1031568]^ and platelets excise introns from IL-1β pre-mRNA, yielding a mature message and translated protein.^[@b28-1031568]^ Wild-type and NLRP3-deficient platelets expressed equivalent levels of IL-1β mRNA ([Figure 3D-i](#f3-1031568){ref-type="fig"}) in RNA extracts that contained minimal RNA from contaminating leukocytes ([Figure 3D-ii](#f3-1031568){ref-type="fig"}); however, thrombin stimulation triggered release of IL-1β from wild-type but not *NLRP3*^−/−^ platelets ([Figure 3E-i](#f3-1031568){ref-type="fig"}). Consistently, western blot analysis showed significantly reduced IL-1β expression after thrombin stimulation ([Figure 3E-ii](#f3-1031568){ref-type="fig"}). A preliminary analysis suggested that the expression of active caspase-1, which is responsible for processing IL-1β, was significantly lower in *NLRP3*^−/−^ platelets than in wild-type platelets after thrombin stimulation ([Figure 3F](#f3-1031568){ref-type="fig"}). Supporting a role for IL-1β in platelet spreading, anti-IL-1β antibody treatment significantly impaired wild-type platelet spreading ([Figure 3A](#f3-1031568){ref-type="fig"}) and when *NLRP3*^−/−^ platelets were pre-treated with recombinant mouse IL-1β, platelet spreading was restored ([Figure 3A](#f3-1031568){ref-type="fig"}). Since IL-1β also regulates platelet activation,^[@b29-1031568]^ we hypothesized that defective spreading of *NLRP3*^−/−^ platelets might be due to decreased secretion of IL-1β. To test this, we measured IL-1β release from platelets after spreading for 90 min and found a small but significant decrease in IL-1β secretion from *NLRP3*^−/−^ platelets (59.0 ± 2.4 pg/mL) compared to that from wild-type platelets (52.5 ± 2.5 pg/mL) (mean ± SD; *P*=0.03;), suggesting that efficient spreading requires mature IL-1β. To then determine whether IL-1β exerted its effect on platelet spreading through IL-1 receptor (IL-1R) engagement, we pre-treated platelets with recombinant IL-1R antagonist (IL-1RA) and found defective spreading of wild-type platelets (*Online Supplementary Figure S3*). Furthermore, IL-1RA abolished IL-1β-mediated rescue of spreading of *NLRP3^−/−^* platelets (*Online Supplementary Figure S3*), suggesting that IL-1β affects platelet spreading via IL-1R.

![Platelet spreading and interleukin-1β secretion. (A) Platelet spreading on immobilized fibrinogen in the presence or absence of 10 ng/mL IL-1β, 0.5 μg/mL anti-IL-1β or 2 U/mL thrombin. Scale bar = 20 μm. Covered area was quantified by Image J software and analyzed by one-way ANOVA for comparison. Images (X100) are representative of three independent experiments (mean ± SD, n = 3). Compared with wild-type (WT), \*\**P*\<0.01; ns: not significant. (B) Platelet adhesion on fibrinogen for 90 min. The number of platelets that adhered to fibrinogen-coated glass coverslips was calculated using Image J software (mean ± SE, n = 3) (Student *t*-test). (C) Phosphorylation of c-Src and PLCγ2 in platelets after spreading on fibrinogen for 90 min. Data were quantified using Image J software and are represented as a ratio relative to total level (mean ± SD, n = 3) (Student *t*-test). \**P*\<0.05, \*\**P*\<0.01. (D) Total RNA was isolated from 5 × 10^8^/mL platelets in order to measure IL-1β mRNA expression by RT-PCR (mean ± SD, n = 3) (Student *t*-test) (i); Washed platelet preparations (5 × 10^8^/mL) were found to contain approximately 2 × 10^4^/mL leukocytes. RNA was isolated from 5 × 10^8^/mL platelets or 2 × 10^4^/mL leukocytes followed by reverse transcription into cDNA which was used to measure IL-1β mRNA expression by PCR. PCR products were evaluated on 1.5% agarose gel (ii). (E) Washed platelets were stimulated with 0.5 U/mL thrombin before the level of IL-1β in supernatants was measured by enzyme-linked immunosorbent assay (mean ± SE, n = 3-5) (Student *t*-test) (i) and western blot (mean ± SD, n = 3) (ii). (F) Active caspase-1 expression after thrombin stimulation (mean ± SD, n = 3) (Student *t*-test). The western blot analysis of IL-1β or active caspase-1 expression was quantified as fold change to the level without treatment. \**P*\<0.05;\*\**P*\<0.01; \*\*\**P*\<0.001. ns: not significant.](1031568.fig3){#f3-1031568}

Consistent with the ablated platelet spreading, *NLRP3^−/−^* platelets showed a significant impairment of clot retraction ([Figure 4A](#f4-1031568){ref-type="fig"}) which was recovered by IL-1β addition, suggesting that NLRP3 regulates clot retraction via an IL-1β-dependent mechanism. Impaired clot retraction was also evident in wild-type platelets treated with anti-IL-1β antibody ([Figure 4A](#f4-1031568){ref-type="fig"}). Furthermore, IL-1RA treatment impaired clot retraction of normal platelets and abolished the effect of IL-1β on the recovery of clot retraction in *NLRP3^−/−^* platelets (*Online Supplementary Figure S4*). As activation of αIIbβ3 outside-in signaling leads to phosphorylation of c-Src, Syk, and PLCγ2, and clot retraction,^[@b5-1031568],[@b6-1031568]^ we measured the phosphorylation status of these signaling proteins. Consistent with the defective platelet spreading and clot retraction, *NLRP3^−/−^* platelets exhibited significantly reduced phosphorylation of c-Src ([Figure 4B](#f4-1031568){ref-type="fig"}), Syk ([Figure 4C](#f4-1031568){ref-type="fig"}), and PLCγ2 ([Figure 4D](#f4-1031568){ref-type="fig"}) following thrombin stimulation compared with that of wild-type platelets. However, treatment with recombinant IL-1β reversed the decreased phosphorylation of signaling proteins ([Figure 4B-D](#f4-1031568){ref-type="fig"}). Interestingly, robust phosphorylation of c-Src, Syk and PLCγ2 in response to CRP/GPVI engagement, which does not require αIIbβ3 signaling, was achieved in *NLRP3^−/−^* platelets (*Online Supplementary Figure S5*). Together, these findings support a specific role for NLRP3/IL-1β in the regulation of platelet integrin αIIbβ3 outside-in signaling.

![Impaired clot retraction and phosphorylation of c-Src, Syk and PLCγ2 in platelets from *NLRP3*^−/−^ mice after thrombin stimulation. (A) Clot retraction was studied using washed platelets treated with 1 U/mL thrombin in the presence/absence of 10 ng/mL recombinant mouse IL-1β or 0.5 μg/mL anti-IL-1β antibody at 37°C. Representative images at 15, 30, 45, 60, 75, 90, 105 and 120 min from three independent experiments are shown. Data were quantified as the clot volume (%) and are presented as mean values (two-way ANOVA). Western blots of total and phosphorylated (B) c-Src (Tyr-416), (C) Syk (Tyr-525) and (D) PLCγ2 (Tyr-1217) in platelets treated with 1 U/mL thrombin in the presence of 2 mM Ca^2+^ and 0.5 mg/mL fibrinogen with or without 10 ng/mL recombinant mouse IL-1β pre-treatment at different time points were quantified (as a ratio of phosphorylated to total protein level) using Image J software and analyzed by two-way ANOVA for comparison (mean ± SD, n = 3). Images are representative of three independent western blot experiments. Compared with wild-type (WT): \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.](1031568.fig4){#f4-1031568}

Inhibition of NLRP3 impairs clot retraction in human platelets
--------------------------------------------------------------

Using a selective and direct NLRP3 inhibitor (CY-09),^[@b30-1031568]^ we evaluated the role of NLRP3 in integrin αIIbβ3 signaling transduction in human platelets. We found significantly reduced human platelet aggregation in response to low doses but not high doses of collagen and ADP following treatment with CY-09 ([Figure 5A](#f5-1031568){ref-type="fig"}). Interestingly, CY-09 treatment did not affect platelet aggregation in response to CRP stimulation ([Figure 5A](#f5-1031568){ref-type="fig"}). Using flow cytometry we found no differences in platelet degranulation (P-selectin expression) and αIIbβ3 activation (PAC-1 binding) in collagen, ADP or CRP-stimulated human platelets after CY-09 treatment ([Figure 5B](#f5-1031568){ref-type="fig"}), consistent with minimal effects of NLRP3 depletion on other platelet activation pathways. Thrombin-initiated clot retraction was significantly impaired in CY-09-treated human platelets ([Figure 5C](#f5-1031568){ref-type="fig"}). Addition of recombinant human IL-1β rescued the impaired clot retraction of CY-09-treated platelets, suggesting that NLRP3 might also be involved in the regulation of human platelet integrin αIIbβ3 outside-in signaling. Collectively, our data support a role for NLRP3 in regulating platelet αIIbβ3 outside-in signaling in human and murine platelets.

![Effect of NLRP3 inhibition on human platelet function. (A) Human platelet-rich plasma was incubated with CY-20 (20 μΜ) for 30 min at 37°C and then platelet aggregation in response to collagen (1 and 2 μg/mL), ADP (2.5 and 5 μΜ) or CRP (0.5 μg/mL) was measured in a light transmittance aggregometry (Helena Aggram, Helena Laboratories, Beaumont, USA). Maximum platelet aggregation (%) was recorded (mean ± SE, n = 3) (two-way ANOVA). (B) Platelet P-selectin expression and (C) αIIbβ3 activation in response to collagen, ADP or CRP stimulation was measured by flow cytometry using phycoerythrin-conjugated anti-P-selectin antibody and FITC-conjugated PAC-1 antibody, respectively, and represented as mean ± SE (n = 3) (one-way ANOVA). (D) Clot retraction was initiated using CY-09-treated washed human platelets stimulated with 1 U/mL thrombin in the presence/absence of recombinant human IL-1β (10 ng/mL). Representative images at 30, 60, 90, and 120 min from three independent experiments are shown and data were quantified as the clot volume (%) (mean ± SD, n = 3) (two-way ANOVA). \**P*\<0.05. Compared with vehicle, \*\**P*\<0.01; \*\*\**P*\<0.001. Compared with CY-09, ^\#^*P*\<0.05.](1031568.fig5){#f5-1031568}

Discussion
==========

Systemic inflammation has been demonstrated to be a potent prothrombotic stimulus, with mechanisms including upregulation of procoagulant factors, inhibition of natural anticoagulants and fibrinolytic activity as well as increased platelet reactivity.^[@b31-1031568],[@b32-1031568]^ However, the relationship between inflammation and platelet function remains poorly understood. In this study, we identified a specific contribution of the NLRP3 inflammasome to αIIbβ3 outside-in signaling, and hemostasis and arterial thrombosis *in vivo*.

Inflammasomes are multiprotein complexes that respond to various inflammatory stimuli by controlling secretion of the pro-inflammatory cytokine, IL-1β.^[@b14-1031568]^ The NLRP3 inflammasome is one of the largest and most studied cytosolic inflammasomes. It undergoes oligomerization upon stimulation, leading to activation of caspase-1, which mediates the maturation of IL-1β.^[@b14-1031568]^ Along with immune cells, platelets express NLRP3 inflammasomes. Platelet NLRP3 has been shown to be involved in the regulation of endothelial permeability after dengue infection by processing pro-IL-1β and releasing mature IL-1β.^[@b13-1031568]^ Additionally, NLRP3 contributes to platelet activation, aggregation and thrombus formation *in vitro*.^[@b15-1031568]^ Consistent with this, we showed reduced platelet aggregation in response to threshold concentrations of collagen, thrombin and ADP in NLRP3-deficient platelets. However, degranulation (P-selectin expression) and αIIbβ3 activation were normal in *NLRP3*^−/−^ platelets. As platelet NLRP3 deficiency significantly impaired hemostasis and arterial thrombosis *in vivo*, we suggest that NLRP3 is a novel molecular link between inflammation and thrombosis.

Platelet spreading and clot retraction, regulated by αIIbβ3 outside-in signaling, play important roles in stabilizing thrombus formation.^[@b26-1031568]^ To investigate the role of NLRP3 in αIIbβ3 outside-in signaling, we measured platelet spreading and clot retraction and showed that NLRP3 deficiency significantly decreased platelet spreading on immobilized fibrinogen and impaired clot retraction. As IL-1β has been demonstrated to increase platelet adhesion to collagen and fibrinogen,^[@b29-1031568]^ we hypothesized that the effect of NLRP3 on αIIbβ3 signaling might be through IL-1β. To test that, we measured IL-1β secretion from thrombin-stimulated platelets and found significantly reduced IL-1β release from NLRP3-deficient platelets, indicating that NLRP3 is responsible for processing IL-1β in platelets. Moreover, addition of IL-1β rescued impaired platelet spreading and clot retraction, supporting the role of NLRP3/IL-1β in platelet integrin αIIbβ3 signaling. Through the use of a selective and direct NLRP3 inhibitor, CY-09,^[@b30-1031568]^ we also evaluated whether NLRP3 exerts the same functional effects on human platelets and showed reduced platelet aggregation in response to threshold doses of collagen and ADP without differences in degranulation and αIIbβ3 activation. However, inhibition of NLRP3 by CY-09 significantly ablated clot retraction in human platelets. Importantly, addition of recombinant human IL-1β rescued impaired clot retraction of CY-09-treated human platelets, indicating that NLRP3 might also participate in the regulation of αIIbβ3 outside-in signaling in human platelets, which is consistent with findings in mouse platelets.

A potential limitation of our findings is that we cannot exclude the interesting possibility that NLRP3 depletion in mice affects platelet hemostatic/thrombotic function through as yet unknown indirect pathways. Further studies are required to explore the exact mechanisms of NLRP3/IL-1β signaling and the specific role of this inflammasome complex in other thrombotic models and human disease.

In conclusion, our results demonstrate that NLRP3 regulates platelet spreading and clot retraction by a mechanism involving IL-1β. Moreover, impaired hemostasis and arterial thrombosis were observed *in vivo* in mice with *NLRP3^−/−^* platelets. Furthermore, inhibition of NLRP3 impairs clot retraction in human platelets. These data identify a unique role for NLRP3 in the regulation of platelet function and thrombus formation ([Figure 6](#f6-1031568){ref-type="fig"}), and provide a novel molecular link between thrombosis and inflammation.

![Role of NLRP3 in the regulation of platelet integrin αIIbβ3 outside-in signaling. Engagement of G protein coupled receptors (GPCR) by thrombin induces platelet intracellular reactive oxygen species (ROS) production (1), which activates NLRP3, leading to assembly of the NLRP3 inflammasome and subsequent activation of caspase-1, which processes immature pro-IL-1β into mature IL-1β. Once released, IL-1β binds to IL-1 receptor (IL-1R) and initiates IL-1R intracellular signaling transduction, resulting in phosphorylation of c-Src and Syk, which regulates platelet spreading and clot retraction. Meanwhile, ligation of GPCR also induces ATP release (2), which can activate NLRP3 through binding to P2XR. LRR: Leucine-rich repeat; NACHT: NACHT, NAIP, CIITA, HET-E and TP1; PYD: Pyrin domain; ASC: Apoptosis-associated speck-like protein containing a CARD.](1031568.fig6){#f6-1031568}
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